The banana aphid-transmitted Banana bunchy top virus (BBTV) is the most destructive viral pathogen of bananas and plantains worldwide. Lack of natural sources of resistance to BBTV has necessitated the exploitation of proven transgenic technologies for obtaining BBTV-resistant banana cultivars. In this study, we have explored the concept of using intron-hairpin-RNA (ihpRNA) transcripts corresponding to viral master replication initiation protein (Rep) to generate BBTV-resistant transgenic banana plants. Two ihpRNA constructs namely ihpRNA-Rep and ihpRNA-ProRep generated using Rep full coding sequence or Rep partial coding sequence together with its 59 upstream regulatory region, respectively, and castor bean catalase intron were successfully transformed into banana embryogenic cells. ihpRNA-Rep-and ihpRNA-ProRepderived transgenic banana plants, selected based on preliminary screening for efficient reporter gene expression, were completely resistant to BBTV infection as indicated by the absence of disease symptoms after 6 months of viruliferous aphid inoculation. The resistance to BBTV infection was also evident by the inability to detect cDNAs coding for viral coat protein, movement protein and Rep protein by RT-PCR from inoculated transgenic leaf extracts. Southern analysis of the two groups of transgenics showed that ihpRNA transgene was stably integrated into the banana genome. The detection of small interfering RNAs (siRNAs) derived from the ihpRNA transgene sequence in transformed BBTV-resistant plants positively established RNA interference as the mechanism underlying the observed resistance to BBTV. Efficient screening of optimal transformants in this vegetatively propagated non-segregating fruit crop ensured that all the transgenic plants assayed were resistant to BBTV infection.
INTRODUCTION
Banana (Musa spp.) is an important food and cash crop worldwide. Banana cultivation constitutes an important socio-economical activity in around 80 countries, mainly on small farms. India is its largest producer with its 31.8 million metric tonnes making around 34.5 % of the total of the world's production. Diseases and pests are the most detrimental constraints to banana production and under severe conditions they preclude banana cultivation altogether. Chief among the diseases are fungal leaf diseases, vascular wilts, several fruit rots and virus infections like banana bract mosaic virus and banana bunchy top virus (BBTV) (Ploetz, 2004) . BBTV (genus Babuvirus, family Nanoviridae) derives its name from the typical 'bunchy top' appearance of the infected plant wherein the plant top becomes choked with a rosette of narrow, short, erect and brittle leaves. Such leaves have yellow margins that ultimately turn brown and appear to be burnt. The most characteristic symptoms of BBTV infection are short dark-green dots and dashes beside the minor leaf veins, which look like hooks as they go into the edge of the midrib. Plants infected in early developmental stages seldom produce a bunch, although in the case of late infections a distorted bunch may be formed. Banana bunchy top disease (BBTD) is one of the most important diseases of bananas in all growing regions, including Africa, Asia and the South Pacific (Dale, 1987) . BBTV is transmitted in a circulative, persistent manner by banana aphid, Pentalonia nigronervosa Coquerel (which is also its only known vector) following a minimum acquisition-access period of approximately 4 h and a minimum inoculation-access period of about 15 min and is then retained for the life of the aphid vector (Hafner et al., 1995; Hu et al., 1996) . BBTV can readily be transmitted in banana plants through all different forms of vegetative planting material like suckers, corms, bits and also tissue culture plantlets. Further, all banana cultivars and also their wild ancestors, Musa acuminata and Musa balbisiana, are vulnerable to BBTV infection. Use of planting material which is free from BBTV coupled with regular rouging (removal and destruction) of infected plants constitute the best ways to control BBTD (Thomas et al., 2003) . However, as the aphid vector is widespread and difficult to control via systemic insecticides, a localized chance infection can easily result into a full-blown outbreak, resulting in total loss of banana crop. The severity of the disease and the complete lack of resistant cultivars in nature thus necessitate the development of BBTVresistant banana cultivars through genetic engineering.
Genetic engineering has been successfully employed to incorporate virus resistance into existing desirable plant cultivars (Collinge et al., 2010; Simó n-Mateo & García, 2011) . Both pathogen-derived resistance approach (involving coding sequences like coat protein and replication initiation protein Rep or non-coding regions) and non-pathogenderived strategies (use of plantibodies against viral coat protein and Rep) have been applied with differing efficiencies (Prins et al., 2008) . Pathogen-derived resistance against viral infection in plants was demonstrated first by expression of coat protein gene of tobacco mosaic virus in transgenic tobacco plants, which conferred resistance to tobacco mosaic virus infection (Abel et al., 1986) . Research directed towards unravelling the mechanisms behind this resistance, demonstrated in due course in other plants also, indicated that pathogen-derived resistance in most studies is due to RNA silencing, named post-transcriptional gene silencing (PTGS) in plants and RNA interference (RNAi) in animal systems (Hannon, 2002; Kooter et al., 1999; Waterhouse et al., 2001) . PTGS in plants is not only a means of regulation of endogenous gene expression in diverse developmental processes, but it also plays a significant role in adaptive defence against mobile genetic elements such as transposons and viruses (Voinnet, 2005) . siRNAs (Hamilton & Baulcombe, 1999) derived from dsRNA play a fundamental role in bringing about sequence-specific degradation of RNA in PTGS. These siRNAs steer a multi-subunit RNase called the RNA-induced silencing complex, and further ensure that it specifically degrades RNAs that possess sequence similarity with the parent dsRNA. PTGS in transgenic plants may either result from peculiarities of the insertion event leading to formation of an inverted repeat (Scorza et al., 2001) or by careful design and expression of self-complementary hairpin-RNA. When an intron is cloned between the two complementary regions in a hairpin RNA (ihpRNA), silencing efficiency is significantly enhanced (Wesley et al., 2001) . The intron in the ihpRNA makes the interaction of the two arms of the hairpin more probable.
Introduction of an ihpRNA construct in a virus susceptible plant has been a fairly successful strategy in controlling RNA virus infections in plants. Transgenic papaya resistant to papaya ringspot potyvirus are currently being commercially grown in Hawaii, USA (Gonsalves, 2002) . However, this strategy has mixed results with respect to plant DNA viruses primarily geminiviruses and nanoviruses (Dale & Harding, 2003) . BBTV is a DNA virus and up until now there have been no detailed reports regarding the application of ihpRNA constructs to control BBTV infections in banana plants. BBTV integral genome consists of six circular single-stranded DNA (cssDNA) molecules (Karan et al., 1997) namely BBTV DNA-R, -U3, -S, -M, -C and -N (Tsao, 2008) . These names in fact represent the functions of their respective encoded proteins. Each of these cssDNAs is approximately 1 kb in length and consists of one large ORF in the virion sense. The large ORF of DNA-R encodes the master replication initiation protein (Horser et al., 2001) . This gene of BBTV DNA-R also contains a smaller internal ORF (Beetham et al., 1997) . The function of DNA-U3 remains unknown. DNA-S codes for the viral coat protein (Beetham et al., 1999) . DNA-M contains the ORF for a putative movement protein (Wanitchakorn et al., 1997) . This protein along with the coat protein has also recently been proposed to work as a silencing suppressor (Niu et al., 2009) . DNA-C codes for a retinoblastoma binding-like protein that is produced early in the infection process and is responsible for causing the transition in the first infected cells to S-phase in preparation for the ensuing virus replication (Horser et al., 2001) . DNA-N codes for a nuclear shuttle protein (Wanitchakorn et al., 2000) . Detailed studies conducted on BBTV genome components have established that BBTV DNA-R is the minimal replicative unit of BBTV as it encodes the master viral replication initiation protein and further only BBTV DNA-R can guide the replication of at least two other BBTV genomic components, namely DNA-S and DNA-C.
Based upon the immense importance of the BBTV DNA-R in infection and replication processes of BBTV, we selected the complete ORF (861 bp) of the Rep protein for generation of our first ihpRNA construct namely the ihpRNA-Rep. Further, Pooggin et al. (2003) 
RESULTS

Generation and analysis of transformed banana plants
Rep and ProRep sequences were successfully amplified using a BBTV-infected banana plant. Genetic transformation of embryogenic suspension culture cells of banana cv. Rasthali with the two ihpRNA constructs (Fig. 1a) resulted in the isolation of close to 50 independently transformed transgenic lines for each of the two constructs (Table 1) . Embryogenic suspension culture cells were used as the explants of choice for genetic transformation as the transformed plants obtained from these cells are least likely to be chimeric in nature and hence ensure the most stable expression of transgenes introduced into their genome (Wagiran et al., 2010) . Young leaves from each of these in vitro maintained transgenic plants were subjected to GUS staining (data not shown) and only lines (26 lines derived from ihpRNA-Rep construct and 40 lines derived from ihpRNA-ProRep) that showed intense staining were further maintained and tested in bioassay studies. Vigorous growth and development of putatively transformed embryogenic cells and later embryos on hygromycin-containing medium and intense GUS staining in the leaf tissue indicated that the T-DNA region encompassing the GUS cassette, ihpRNARep/ihpRNA-ProRep cassette and the hygromycin phosphotransferase expression cassette was inserted in these selected lines in transcriptionally active euchromatin portions of the banana genome. This in turn ensured the most efficient expression of hairpin transgenes in the selected transgenics.
PCR analysis of the ihpRNA-Rep/ihpRNA-ProRep-transformed banana lines using primers specific to hygromycin phosphotransferase gene showed the amplification of a single 788 bp fragment of the hpt gene (Fig. 1b) . To confirm the stable integration of T-DNA, Southern blot analysis of these transgenic lines was carried out by using a DIG-labelled probe against hygromycin phosphotransferase gene. Restriction enzyme KpnI was used to digest the genomic DNAs as it cuts the T-DNA of the ihpRNA-Rep/ ihpRNA-ProRep vectors only once and hence the number of bands that appear on the X-ray autoradiographs directly correspond to the copy number of the T-DNAs transferred to the banana genome in these lines. T-DNA copy numbers varying from 1 to 3 were determined in the lines analysed. Further, the presence of different size bands in various transgenic lines confirmed that these lines have all originated from independent transformation events involving the insertion of T-DNAs at different genomic positions in each of them (Fig. 1c) .
ihpRNAs prevents BBTD symptom development in transgenic banana plants
In vitro and ex vivo transgenic banana plants transformed either with ihpRNA-Rep or ihpRNA-ProRep vectors and having four to five well developed leaves were each inoculated with 10 viruliferous aphids (Fig. 2a, b) immediately after they were allowed acquisition-access to BBTV-infected banana tissue (Fig. 2c) for a minimum of 24 h. Untransformed control plants at the same developmental stage were also similarly inoculated with a similar number of viruliferous aphids. During the subsequent hardening of inoculated in vitro transgenic plants, a small percentage of the plants could not establish in soil and hence died (Table 1) , while the rest of the plants started normal growth in soil. All of the untransformed control plants were established in soil and showed typical BBTD symptoms (choked plant top with a rosette of narrow, short leaves having short dark-green dots and dashes beside the minor leaf veins) after 3 months of inoculation ( Fig. 2d, e; Table 1 ). The same plants showed much more severe disease characteristics after a further 3 months, indicating the competence of the reared banana aphids to transfer BBTV from BBTD-infected plants to healthy ones. On the contrary, none of the plants transformed with ihpRNAProRep or ihpRNA-Rep vectors showed BBTD symptoms either 3 or 6 months post-inoculation ( Fig. 2f, g ; Table 1 ). These plants were morphologically identical to the untransformed uninfected banana plants grown and hardened alongside the experimental lines as negative controls. Using a specific ELISA (Agdia) to detect BBTV viral coat protein in plant samples, we were unable to detect any trace of BBTV coat protein in transgenic-inoculated (with viruliferous aphids) plants after 6 months (data not shown). The total absence of any symptoms of BBTD coupled with normal growth and development of ihpRNA-transformed plants indicated that the ihpRNA transgenes were being properly transcribed and that the resulting siRNAs are not affecting the morphology and physiology of the transgenic plants in any deleterious manner.
Detection of BBTV coat protein, movement protein and native Rep mRNA and siRNA Northern blot analysis in transgenic banana plants
In order to investigate the mechanisms leading to the resistance being shown in transgenic lines derived from the two constructs, RT-PCR analyses using primers directed against BBTV coat protein, putative movement protein and native Rep were performed using total RNA extracted from the BBTV-inoculated untransformed control and the two groups of transgenic plants. BBTV coat protein, putative movement protein and native Rep cDNA sequence were efficiently detected in inoculated untransformed control plants, which were showing typical BBTD symptoms. On the other hand, the RT-PCR assay failed to detect any of these cDNAs in the samples obtained from ihpRNA-Rep-or ihpRNA-ProRep-transformed plants (Fig. 3) . This result confirmed the outcome of ELISAs.
The hypothesis that the resistance displayed by the two groups of transgenic plants to BBTV infection is based on active PTGS (leading from the expression of ihpRNA transgenes) of BBTV Rep gene was clearly proved by demonstrating the presence of 21-24 nt long siRNAs complementary to the Rep gene in the transgenic plants.
(f) (g) When small RNAs isolated either from untransformed control plant or from either of the transgenic plants were allowed to hybridize to probes specific to BBTV Rep gene under appropriate conditions, strong signals corresponding to 21-24 nt long siRNAs were obtained in samples obtained from both ihpRNA-Rep and ihpRNA ProRep plants (Fig. 4) , thus clearly establishing the successful induction of PTGS against BBTV Rep gene as the cause for resistance from BBTD in transgenic plants.
DISCUSSION
BBTD ranks amongst the worst diseases of bananas and plantains worldwide (Dale, 1987) . Except for the Americas, the virus is present in all the banana growing regions of the world. Bananas and plantains form key staple food crops in several African and Asian regions. Since in these regions they fulfil a threefold role of providing nutrition, income and food security, there is an utmost urgency to develop resistance against the major pathogens threatening their cultivation. Molecular breeding using pathogen-derived resistance strategies has been successful mainly against RNA viruses, whereas their use in combating DNA viruses had limited success. This is in spite of the fact that PTGS using ihpRNA is widely used to knock-down the expression of a gene at the mRNA level in a variety of plants (Ló pez-Gomolló n & Dalmay, 2010). By analogy, the viral mRNAs of both RNA and DNA viruses should also be degraded through PTGS and hence PTGS should be equally effective against both RNA and DNA viruses. Further, PTGS directed against vital viral proteins does not involve the production of any new proteins in the transgenic plants as once the dsRNA is synthesized, the host plant machinery recognizes it as an aberrant RNA and cleaves any cognate mRNA formed later in that cell using the siRNAs and the related RNAi machinery. This addresses the much repeated fear about the unintended spreading of modified genes and proteins in the environment often leading to unintended consequences.
In the case of BBTV, studies have been conducted to explore possible means of interfering with BBTV replication. These studies document the suppression of BBTV replication in banana embryogenic cell suspensions by expression of mutated or wild-type Rep genes sourced either from BBTV satellite DNAs or from the BBTV integral genome (Tsao, 2008 Two DNA oligos comprising 18 and 26 nt (P), derived from the 429 bp common region between ihpRNA-Rep and ihpRNAProRep constructs were also loaded (5 pmol each) in the same polyacrylamide gel to estimate the approximate size of the siRNAs present in the plant samples. (b) High molecular mass total RNA isolated along with the small RNAs (using mirvana miRNA isolation kit) were electrophoresed using formaldehyde-MOPS gel to show isolation of equal amount of RNAs from all the three samples.
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(ihpRNA). The presence of an intron between the two complementary arms has been shown to improve the PTGS-derived silencing efficiency manifold in previous studies (Wesley et al., 2001) . We chose castor bean catalase intron here as it has been demonstrated to get spliced efficiently in banana cells when it is inserted as part of bglucoronidase gene (Ghosh et al., 2009) . We used Zea mays polyubiquitin promoter to drive the expression of our ihpRNA sequence, as this promoter has been shown to be much more efficient as compared with the CaMV 35S-based promoters in banana tissues (Hermann et al., 2001 ). In our constructs, the antisense arm for the ihpRNA transcript was cloned next to the polyubiquitin promoter. Designing our vectors in this manner ensured there was no leaky translation of the protein corresponding to the smaller internal ORF of the BBTV DNA-R for which exact function has still not been assigned and which when expressed along with Rep in transformed banana cells actually enhances the replication of BBTV (Tsao, 2008) . This was particularly important as the 39 UTR signals for this smaller ORF are part of the Rep ORF (Beetham et al., 1997) . Further, the hypothesis involving the role of an RNA-dependent DNA methylase in transcriptional gene silencing in plants was put to use in our study by using 59 upstream regions of BBTV Rep coding sequence along with partial Rep coding region in one of our constructs, the ihpRNA-ProRep. Incidentally, no difference was observed in the resistance being imparted by either of these constructs to banana plants against BBTV infection. The presence of 21-24 nt long siRNAs derived from BBTV Rep gene in plants transformed with either of the ihpRNA vectors proved that PTGS pathway leading from dsRNA to the ensuing synthesis of specific siRNAs was fully operational in the transformed plants and this ultimately led to the observed BBTV-resistant phenotype. Usage of strong regulatory signals and an efficiently spliceable intron together with cloning the sequences coding for the all important Rep gene in the ihpRNA in antisense first orientation resulted in the observed complete absence of BBTV infection in our transgenic plants.
We preferred using constitutively active Zea mays polyubiquitin promoter to drive the expression of the two ihpRNA transgenes over other specific promoters like wound-inducible promoters (which would enable expression from the transgene only upon wound feeding by the aphid vector). This ensured specific siRNAs were already present in the transformed banana tissues before the aphid vector could inoculate the plant with BBTV. This explains the fact that we were unable to detect native Rep mRNA, which is the first viral mRNA to get transcribed from viral DNA in banana cells after infection in inoculated transgenic plants. In recent years, several studies have indicated that specific viral proteins function as silencing suppressors to overcome the challenge posed by the RNAi/PTGS machinery evolutionary conserved among all land plants. BBTV coat protein and putative movement protein have been shown to function as silencing suppressors in a study involving infection of potato virus X on Nicotiana benthamiana (Niu et al., 2009 ). We did not observe any such silencing suppression activity in inoculated transformed plants probably because the viral DNA could not replicate in the absence of Rep protein and hence no coat protein and movement protein were synthesized in these plants.
A pathogen-derived virus resistance strategy involving the mRNA sequence of the Rep gene is expected to provide stable and sustainable resistance in plants. However, as Stainton et al. (2012) have proposed, intra-component recombination is predominant in the DNA-R component of BBTV. Therefore, by utilizing the full-length Rep gene in our studies, we ensured that a dsRNA of substantial size forms in spite of a probable recombination event in the Rep transgene in transgenic banana plants thereby preventing the loss of siRNA-based BBTV resistance in these plants.
Although, resistance to BBTV in transgenic banana plants has been reported before, the novelty of the present study lies in the use of an intron between the two complementary domains of Rep-derived sequences for efficient siRNA synthesis and efficient preliminary screening of transgenic lines in order to eliminate non-optimal transformants, leading to 100 % resistance against BBTV infection in transgenic plants. Genetic engineering for improvement of crop plants involves the introduction of desirable traits like resistance to most destructive plant pathogens in proven elite cultivars. The genes assembled for imparting resistance against different pathogens can also be inserted into a single expression vector so that the resulting transgenics from this gene pyramiding are well endowed to tackle multiple pathogens at the same time, which in fact is more of a norm than an exception in a farmer's field (Halpin, 2005) . Development of a successful strategy for obtaining resistance towards BBTV in banana plants can potentially be utilized in gene pyramiding for sustainable resistance towards major pathogens of this important food crop.
Further, the Rep gene of BBTV used in this study shares approximately 82 % pairwise nucleotide identity with the Rep gene of abaca bunchy top virus (ABTV), which causes bunchy top disease in the abaca plant (Sharman et al., 2008) . The ihpRNA constructs used in this study may be utilized to generate transgenic abaca plants resistant to ABTV infection.
METHODS
Construction of ihpRNA plant expression vectors. The primer sequences used in the present study are listed in Table S1 (available in JGV Online). The two expression cassettes for ihpRNAs derived from the BBTV Rep gene were assembled in the multiple cloning site of pCAMBIA-1301 binary vector. Firstly, the castor bean catalase intron amplified from pCAMBIA-1301 binary vector using primers P-1 and P-2 was inserted into a Fermentas pTZ57R/T cloning vector to give pTZ57R-Int. Orientation of the inserted intron was determined by restriction digestion using BglII, EcoRI and PstI restriction enzymes. The sequences for Rep full coding sequence (Rep) and for Rep 429 bp 59 partial coding sequence together with 222 bp upstream non-coding region (ProRep) were amplified using primers P-3 and P-4 (for Rep) and primers P-5 and P-6 (for ProRep) by PCR using genomic DNA isolated from BBTV-infected banana plants. These Rep and ProRep sequences were subsequently cloned in PstI and BglII restriction sites of pTZ57R-Int to give pTZ57R-Repas-Int and pTZ57R-ProRepas-Int, respectively. Rep and ProRep sequences were amplified again using primers P-7 and P-8 (Rep) and primers P-9 and P-10 (ProRep) from the same genomic DNA isolated from BBTV-infected banana plants. These newly amplified Rep and ProRep sequences were cloned, respectively, into pTZ57R-Repas-Int and pTZ57R-ProRepas-Int using XbaI and KpnI restriction enzymes to give pTZ57R-Repas-Int-Repsen and pTZ57R-ProRepas-Int-ProRepsen. All the PCR-amplified fragments were sequenced to verify their sequences. Zea mays polyubiquitin promoter amplified from Zea mays genomic DNA using primers P-11 and P-12 was cloned into a Fermentas plasmid pTZ57R/ T. The soybean vegetative storage protein (VSP) 39 UTR (Sojikul et al., 2003) was inserted into the multiple cloning sites of pCAMBIA-1301 using SacI and EcoRI restriction enzymes. Finally, modified pCAMBIA-1301 binary vector (containing VSP 39 UTR in its multiple cloning site) digested with HindIII and KpnI restriction enzymes, Zea mays polyubiquitin promoter (released using HindIII and PstI) and Repas-Int-Repsen or ProRepas-Int-ProRepsen introncontaining inverted repeat sequences (released using PstI and KpnI) were ligated directionally in a three-way ligation reaction to form two new ihpRNA binary vectors denoted as ihpRNA-Rep and ihpRNAProRep. These vectors were transformed into Agrobacterium tumefaciens strain EHA 105 (Hood et al., 1993) by electroporation before being used to transform banana embryogenic cells.
Generation of transformed banana plants. Agrobacterium culture preparation and co-cultivation with banana cv. Rasthali embryogenic cell suspension cultures was performed as described previously (Ganapathi et al., 2001; Shekhawat et al., 2011) .
Genomic DNA PCR and Southern blot analysis. Genomic DNA was isolated from young leaves of selected ihpRNA-Rep-and ihpRNA-ProRep-transformed banana plants using GenElute Plant Genomic DNA Miniprep kit (Sigma). This DNA was used as template in PCRs using primers P-13 and P-14 designed to amplify hygromycin phophotransferase gene sequence present within the T-DNA borders of pCAMBIA-1301 binary vector. The PCR cycling conditions were 94 uC for 5 min and subsequently 35 cycles each comprising of 94 uC for 1 min, 56 uC for 1 min and 72 uC for 1 min with a final extension at 72 uC for 10 min. Genomic DNA extracted from untransformed banana plant served as a control in these PCRs. To confirm the transgenic nature of these lines and to determine the T-DNA copy number in these plants Southern blot analysis was carried out. Twenty micrograms of genomic DNA was digested overnight with KpnI restriction enzyme. The digested genomic DNA was purified using High Pure PCR Product Purification kit (Roche Applied Science) and was then electrophoresed overnight at a field strength of 1.25 V cm 21 in a 0.9 % (w/v) agarose-TAE gel. DNA was transferred overnight to a positively charged nylon membrane by capillary method using 206 SSC and was then subsequently immobilized on the membrane by baking at 120 uC for 30 min. The membrane was then exposed to DIG-labelled probes generated using hygromycin phophotransferase gene PCR product as template. Chemiluminescent detection of hybridization signals was performed using DIG High Prime DNA Labelling and Detection Starter kit II (Roche Applied Science). Chemiluminescent signals captured on Xray were photographed using a bright light X-ray viewer.
Virus source, aphid rearing and plant inoculation. The BBTVinfected banana plants were collected from a nearby field. These BBTV source plants were kept in an isolated, aphid-free contained area with artificial light at 25±2 uC. The nucleus BBTV-free banana aphid colony was reared on tissue culture-derived banana plantlet.
The aphid colonies were reared in a controlled growth chamber at 25±0.5 uC and a 12 h light/dark photoperiod. The aphids were transferred every 15 days to fresh banana plantlets to maintain the culture continuously. Fully grown aphids were used to transmit BBTV in all the BBTD bioassays.
For BBTV acquisition-access, the BBTV-free banana aphids were transferred to BBTV-infected leaf cuttings for 24 h. Viruliferous aphids were then collected and transferred to healthy untransformed and ihpRNA-Rep-or ihpRNA-ProRep-transformed banana plants (both in vitro and ex vivo) having four to five well developed leaves for inoculation access for 48 h (Anhalt & Almeida, 2008) . Both the acquisition and inoculation access steps were conducted at 25±0.5 uC and 12 h light/dark photoperiod. At the completion of inoculation-access periods, the in vitro maintained plants were transferred to soil and subsequently all plants were sprayed with insecticide confidor (Bayer Crop Science). All the inoculated banana plantlets were grown in an insect-proof growth chamber maintained at 25±0.5 uC and 12 h light/dark photoperiod. Aphids were transferred using a water moistened no. 2 camel hair paint-brush. The BBTD symptoms were monitored after 3 and 6 months after inoculation.
RT-PCR for BBTV coat protein, putative movement protein and native Rep mRNA. Total RNA was extracted from young leaves of BBTV-inoculated transformed banana plants using Concert Plant RNA Reagent (Invitrogen). This RNA was cleaned up and later treated with DNase using RNeasy Plant Mini kit (Qiagen). Purified total RNA (approx. 5 mg) was used to synthesize first-strand cDNA using oligo (dT) 12-18 primer and ThermoScript Reverse Transcriptase (Invitrogen). Following a fivefold dilution of the cDNAs with water, separate PCRs were set up to detect BBTV coat protein (using primers P-15 and P-16), putative movement protein (using primers P-17 and P-18) and native Rep (using primers P-19 and P-20) cDNA. The cDNA synthesized using total RNA isolated from BBTV-inoculated untransformed banana plant was also used to amplify BBTV coat protein, putative movement protein and native Rep gene sequence. Musa elongation factor 1a cDNA was also amplified using primers P-21 and P-22 to check the efficiency of reverse transcriptase reaction carried out as above.
siRNA isolation and Northern blot analysis. Total RNA was extracted from approximately 400 mg young leaves of transformed banana plants using Concert Plant RNA Reagent. The RNA was precipitated by adding MgCl 2 at a final concentration of 10 mM and 2.5 vols of chilled absolute ethanol. The suspension was incubated at 220 uC for 30 min followed by centrifugation at 16 000 g for 20 min at 4 uC. The pellet obtained was dissolved in 200 ml TE buffer (pH 8.0). This RNA was further processed using mirVana miRNA Isolation kit (Ambion) for selective enrichment of small RNAs from total RNA samples. These small RNA-enriched samples were subsequently loaded on to a 17.5 % polyacrylamide-7 M urea gel run using 0.56 TBE buffer. They were later electroblotted on a positively charged nylon membrane using XCell II Blot Module (Invitrogen) and 0.56 TBE buffer. Small RNAs were fixed on the nylon membrane firstly by UV irradiation performed on a UV transilluminator and then by baking the membrane dry at 120 uC for 20 min. The membrane was then exposed to DIG-labelled DNA probes targeted against the 429 bp region of the BBTV Rep gene, which was common between the two ihpRNA constructs. This hybridization was performed at 42 uC overnight followed by the first stringency wash with 26 SSC, 0.1 % SDS (twice for 5 min) at room temperature and then the second stringency wash with 0.56 SSC, 0.1 % SDS (twice for 15 min) at 45 uC. Chemiluminescent detection of hybridization signals was performed using DIG High Prime DNA Labelling and Detection Starter kit II. Two DNA oligos [comprising 18 (P-23) and 26 (P-24) nt] derived from the 429 bp common region between ihpRNA-Rep and ihpRNA-ProRep constructs were used to estimate the approximate size of the siRNAs detected in the Northern blot analysis.
